The crystallographic structure and morphology of electrodeposited Fe-Cr films under different bath conditions were studied in detail by using XRD, HRTEM and SEM. The crystallographic structures of the Fe-Cr electrodeposits were also compared with the Fe-Cr thermal equilibrium diagram. The results indicated that the crystallographic structure of electrodeposited Fe-Cr alloy film gradually changed from microcrystalline to amorphous with increasing Cr content. The deposited film exists as α-Fe solid solution when the Cr compositions of deposited films are below 3.1 at%, whereas, it existed as a meta-stable crystal when the Cr compositions of deposited films are from 4.5 at% to 22.4 at%, which have not been reported up to now. The deposited films with various Cr compositions from 22.9 at% to 74.4 at% chromium exist as amorphous phase. Hence, the crystallographic structure of the electrodeposited Fe-Cr alloy film is closely related to its thermal equilibrium diagram, but does not always agree with it.
Introduction
Fe-Cr alloy materials have been extensively utilized in industry for their high corrosion resistance, high strength and hardness and low rate of oxidation and retention of strength at elevated temperature. Therefore, Fe-Cr alloy films obtained by electrodeposition method have been the subjects of investigation by a number of researchers. [1] [2] [3] [4] [5] It has been well known that the physical properties of electrodeposited films depend on their structural characters. Therefore, it is very important to investigate the crystallographic structures of the electrodeposited films. In general, the crystallographic structures of the electrodeposited alloy films are closely related to their thermal equilibrium phase diagrams. On the other hand, it has been established the meta-stable and amorphous phases often occur in the electrodeposited films, and sometimes certain stable phases do not occur in the electrodeposited film though they exist in their thermal equilibrium phase diagram. This is because the deposited film is the quenched solid from high temperature state. 6, 7) Therefore, many new materials with meta-stable or amorphous phase can be produced with the help of this method, which is the unique feature of the electrodeposition technology.
As seen from the thermal equilibrium phase diagram of FeCr ( Fig. 1(a) ), the Fe-Cr alloy forms single solid solution at the high temperatures; whereas, at low temperatures, the FeCr alloy forms two phases, namely α-Fe and β-Cr, which was separated with each other. The structure of electrodeposited Fe-Cr alloy film does not correspond to the structures predicted by the thermal equilibrium phase diagram. Some research works have proved that the amorphous phase existed in the electrodeposited Fe-Cr alloy film. 2) In fact, it is very interesting to compare the structures of electrodeposited Fe-Cr * 1 This Paper was Presented at the Autumn Meeting of the Japan Institute of Metals, held in Fukuoka, on September 24, 2001. * 2 Graduate Student, Tokyo Metropolitan University. alloy films with the structures predicted by their equilibrium phase diagram. The intent of this study is to investigate the crystallographic structures of electrodeposited Fe-Cr films under different electrodeposition conditions and various bath compositions. The crystallographic structures of the Fe-Cr deposits were also compared with their thermal equilibrium phase diagrams. 
Experimental Procedure
The solution and operating conditions for Fe-Cr electrodeposition are listed in Table 1 .
The bath contained FeCl 2 ·4H 2 O (x mol/L), CrCl 3 ·6H 2 O (0.6-x mol/L), and glycine (2.0 mol/L), NH 4 Cl (1.8 mol/L) and H 3 BO 3 (0.5 mol/L). All solutions were prepared using distilled water and reagent grade chemicals. The pH of each bath was adjusted to 2 with hydrochloric acid. The plating cell was a beaker of 500 mL with agitation.
The copper foil with the thickness of 35 µm was used as substrate and the platinum plate was selected as anode material in this experiment. The copper foils with dimensions of 1 × 2 cm 2 were electrochemically polished to a mirror finish. Samples were rinsed with distilled water, and dried by nitrogen gas before deposition. The distance between the anode and the cathode was 50 mm, and the area ratio of the two electrodes was 1 to 1.
The current density was ranged from 500 to 2500 A/m 2 . The deposition duration is 20 minutes. The bath temperature was maintained at 30
• C. Thermal regulation was achieved through a heating resistance whose power was controlled to keep the temperature constant at ±0.1
• C. The surface morphologies of electrodeposited Fe-Cr alloy films were examined using the scanning electron microscope (SEM) (JEM-6100, JEOL). The alloy film compositions were determined by energy dispersive X-ray analysis (EDS) (JED-2001, JEOL). The structures of the alloy films were determined by X-ray diffraction (XRD) (MX Labo2, MAC Science) and a high resolution transmission electron microscope (HRTEM) (JEM-2000FE, JEOL). Figure 2 gives the influence of current density on the chemical compositions of the electrodeposited Fe-Cr alloy films obtained from baths of different Cr 3+ ion concentrations. The Cr contents in deposits increased with increasing the cathode current density. Meanwhile, the Fe content in deposits decreased with increasing the cathode current density. Moreover, the Cr contents in deposits increased with increasing Cr 3+ ion concentration in the baths. Therefore, it can be concluded that the cathode current density strongly affects the composition of the Fe-Cr deposits. The electrodeposited Fe-Cr alloy film with the wide Cr contents ranging from 3.1 at%Cr to 74.4 at%Cr can be obtained by the electrodeposition method.
Results and Discussion

Alloy films compositions and electrodeposition conditions
3.2 Determination of crystallographic structure of electrodeposited Fe-Cr alloy film XRD techniques are used to identify the phases present in the samples, while the TEM images and electron diffraction patterns can be used to observe the crystallographic structures of deposited films. Figure 3 illustrates the X-ray diffraction patterns of deposited films with various Cr contents ranging from 3.1 at% to 74.4 at%Cr. It should be mentioned the three strong peaks in Fig. 3 at 2θ = 43.2 • , 50.4
• and 74.0
• are derived from copper substrate, and therefore they are not related to this research. It can be seen that the X-ray diffraction patterns of Fe-Cr electrodeposited films gradually changed from sharp peaks to broad peaks with increasing Cr contents in deposited films. However, when the Cr content in deposited film exceeded 22.4 at%Cr, the sharp diffraction peak gradually disappeared, meanwhile, the broad peak centered at about 2θ = 44.0
• occurred, indicating the formation of amorphous structure of deposited film. These broad peaks retained until the Cr content in deposited film reached 74.4 at%Cr.
Therefore, it can be concluded that the microcrystalline existed up to 22.4 at%Cr in electrodeposited Fe-Cr alloy films, and the amorphous existed from 22.9 at% to 74.4 at%Cr.
In order to analyze the structure of deposited film with crystalline structure, their X-ray patterns were compared with the JCPDS card. In the case of deposited film with 3.1 at%Cr, three sharp peaks at 2θ = 44.3
• , 64.7
• and 82.1 • , were observed, respectively. These three peaks are almost similar to the standard diffraction peak of iron, but shifted to the low degree side, which can be attributed to the α-Fe solid solution. In the case of deposited films from 4.5 at%Cr to 22.4 at%Cr, only one diffraction peak at 2θ = 42.5
• was observed, which does not agree with the diffraction peak of iron or chromium and σ metallic compound predicted by the equilibrium phase diagram. Hence, the structures of deposited films with the Cr content from 4.5 at%Cr to 22.4 at%Cr can be considered as an unknown phase, usually it can be identified as a kind of meta-stable phase.
Therefore, it can be concluded that the crystallographic structure of deposited Fe-Cr alloy film with 3.1 at%Cr is the α-Fe solid solution, while that of deposited films with Cr contents from 4.5 at% to 22.4 at% are meta-stable phase. The crystallographic structures of deposited Fe-Cr alloy films with various Cr contents from 22.9 at% to 74.4 at% are amorphous phase. Figure 4 (a) shows the HRTEM micrograph and electron diffraction pattern of deposited Fe-Cr alloy film with 22.4 at%Cr. As explained above, this film with this structure is the crystalline phase, and the Cr content of film is the medium concentration between the amorphous phase with high Cr content and the α-Fe solid solution with low Cr content. The lattice images were observed in the HRTEM micrograph and the crystal size is about 7.5 nm, indicating a crystalline phase. The electron diffraction pattern shows three relatively sharp rings with broad ring, also indicating a crystalline phase.
On the other hand, Fig. 4(b) shows the HRTEM micrograph and electron diffraction pattern of deposited Fe-Cr alloy film with 74.4 at%Cr. It can be seen that only an amorphous phase without any trace of crystals has been detected in the electron micrograph. The electron diffraction pattern of 74.4 at%Cr also reveals the presence of single diffuse ring, indicating an amorphous phase.
Therefore, it can be concluded that the boundary of structure change from crystalline phase to amorphous phases is at about 22.7 at%Cr between 22.4 at%Cr (meta-stable phase) and 22.9 at%Cr (amorphous).
Meta-stable and amorphous phase formation in the
deposited film It has been well known that the meta-stable materials and amorphous materials also can be produced by electrodeposition methods. 8) This phenomenon could be attributed to the electrochemical process of electrodeposited film formation. 9) In general, the metallic ions discharge at the potential of several eV, and are electrodeposited as neutral atoms, so that the formed ad-atoms possess very high energy. Since many adatoms are deposited simultaneously and continuously, the surface of electrodeposited film can be considered as a molten state or high-temperature state. In this case, the formed crystal with stable state at high temperature is rapidly quenched by the deposition solution and especially by the substrate (less than 100
• C). Therefore, the atoms are frozen and the metastable phases or amorphous phases can be formed. 10) Furthermore, the other reason about the formation of metastable or amorphous phase is that the metallic compound must exist in the thermal equilibrium diagram. In general, amorphous phase in which atoms are coagulated at random could be formed when the phase is quenched so rapidly that the activation energy for forming the metallic compound could not be obtained. Figure 5 shows the change of surface morphologies of electrodeposited Fe-Cr alloy films with various Cr contents. It can be seen that the morphologies of deposited Fe-Cr alloys gradually change from unevenness to smooth with increasing Cr content in the deposited film. The morphologies of deposited films with high Cr contents were very flat and smooth, showing a typical feature of amorphous phase. Also many cracks occurred in the surface of deposited film. This is due to the tensile stress in deposits.
11)
Surface morphologies of deposited Fe-Cr alloy films
Conclusion
Electrodeposited Fe-Cr binary alloy films with various Cr contents were produced, and their microstructures were determined by using XRD and TEM. The relationship between the crystallographic structure of deposited film and its thermal equilibrium diagram was discussed in detail. The phase diagram obtained by electrodeposition method was presented. Results clearly showed that: 1) The deposited film exists as α-Fe solid solution when the Cr content of deposited films are below 3.1 at%, whereas, it existed as a meta-stable phase when the Cr content of deposited films are from 4.5 at% to 22.4 at%, which have not been reported up to now. The deposited films with various Cr content from 22.9 at%Cr to 74.4 at%Cr exist as amorphous phase; 2) The boundary of structure change from crystalline phase to amorphous phase was observed at about 22.7 at%Cr.
